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ABSTRACT 


Empirical  formulas  for  predicting  the  critical  buckling  stress 
of  fiber  glass  reinforced  plsstic  columns  have  been  obtained.  On  the 
basis  of  these  buckling  formulas,  structural  efficiency  of  fiber  glass 
reinforced  plastic  column  members  of  different  cross  sections  is 
compared  with  other  commonly  used  structural  alloys.  The  efficiency 
parameter  used  for  comparison  is  derived  on  the  minimum  weight  design 
considerations. 
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INTRODUCTION 


One  of  Che  main  considerations  for  an  aircraft  designer  is  saving 
as  much  structural  weight  as  possible,  which  means  an  increase  in  pay- 
load,  better  performance  and  possibly  less  running  cost.  To  achieve 
this  objective,  researchers  have  been  working  to  find  better  materials 
and  to  develop  improved  and  more  efficient  methods  of  design. 

Aircraft  designers  during  the  past  few  years  have  been  using  fiber 
glass  reinforced  plastics  for  nonstructural  parts  of  aircraft.  Recently, 
fiber  reinforced  materials,  especially  fiber  glass  reinforced  plastic 
laminates,  have  shown  great  potential  for  use  as  primary  structural 
components  in  aeronautical  design. 

Many  research  publications  (references  2-4,  6,  IS,  19,  20-22,  and 
24)  are  made  available  by  the  U.  S.  Forest  Products  Laboratory  and  other 
research  organizations  which  give  physical  and  mechanical  properties 
for  all  types  of  fiber  glass  reinforced  plastic  laminates.  The  prin¬ 
cipal  advantage  of  fiber  glass  reinforced  plastic  is  its  extremely 
high  strength-to-weight  ratio  which  is  superior  to  that  of  Other 
structural  materials.  In  addition,  fiber  glass  reinforced  plastics 
possess  other  excellent  properties;  viz.,  resistance  to  chemical 
corrosive  environments,  simple  and  easy  techniques  in  fabricating 
complex  structural  parts,  easy  handling,  low  cost  of  tooling,  high- 
impact  resistance  and  numerous  other  properties. 

These  qualities,  along  with  the  recent  advances  in  processing 
techniques  and  the  development  of  high-temperature-resistant  laminates, 
have  caused  aircraft  designers  to  become  interested  in  using  structures 
made  from  fiber  glass  reinforced  plastic  materials.  It  is  possible  that 
the  availability  of  such  materials  will  revolutionize  the  design  develop¬ 
ments  in  the  aeronautical  field. 

A  large  amount  of  published  data  on  optimum  design  techniques  (ref¬ 
erences  5,  7,  8,  and  23)  is  available  for  different  types  of  loadings. 
Compression  of  thin-walled  closed  and  open  sections  and  torsion  of  thin- 
walled  cells  are  problems  which  are  of  interest  to  aircraft,  marine  and 
civil  engineers. 

In  1943  Cox  and  Smith  published  a  systematic  analysis  of  compression 
members.  They  introduced  the  concept  of  a  structural  loading  of  coeffi¬ 
cient  which  is  generally  the  ratio  of  the  compression  load  P  to  the 
square  of  the  dimension  L.  They  showed  that  for  the  same  material  of 
construction  the  minimum  weight  depends  upon  the  structural  loading 
coefficient. 

The  seme  approach  was  used  by  Shanley  (reference  13)  and  was  later 
dealt  with  more  comprehensively  in  a  book  (reference  14)  by  the  same 
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author.  The  author  points  out  that  the  structures  of  maximum  structural 
efficiency  are  deaigned  on  the  basis  of  simultaneous  failure  occurring 
in  all  critical  modes.  When  a  thin-walled  compression  member  is 
subjected  to  an  axial  thrust,  generally  there  can  be  three  modes  of 
failure:  (1)  primary  or  Euler  buckling,  (2)  secondary  or  local  buckling, 
and  (3)  material  failure.  Any  combination  of  these  may  also  take  place. 

The  structural  loading  coefficient  or  the  structural  index  (  P /if") 
can  be  used  aa  a  basis  for  comparing  the  structural  efficiency  of  various 
materials. 

The  main  purpose  of  this  report  is  to  determine  the  feasibility 
of  using  reinforced  plastic  column  members  in  aircraft  structures  by 
design  studies  and  the  fabrication  and  testing  of  the  column  specimens. 
This  study  is  not  possible  unless  column  buckling  formulas  for  reinforced 
plastics  are  available. 

The  work  in  these  investigations  has  been  directed  first  toward 
finding  the  empirical  formulas  for  predicting  the  critical  buckling 
stress  of  fiber  glass  reinforced  plastic  column  members  and,  secondly, 
toward  investigating  whether  reinforced  plastics  provide  structures 
efficient  on  a  strength-to-weight  basis  when  compared  with  other  commonly 
used  structural  alloys. 

To  obtain  the  column  buckling  formulas  for  fiber  glass  reinforced 
plaacics,  compression  tests  on  24  column  members  of  circular  cross 
section  in  10  different  lengths  were  carried  out.  Then  column  members 
of  different  cross  sections  designed  on  the  basis  of  simultaneous 
failures  were  analyzed  and  an  efficiency  parameter  was  derived  which 
provided  a  basis  for  comparing  the  column  efficiency  of  different 
materials. 


MATERIALS 


Numerous  publications  giving  the  compositions  of  all  types  of 
inorganic  fibers  -  glass,  ceramic,  refractory,  asbestos  and  metal  - 
are  available.  Presenting  the  metallurgy  of  all  fibers  would  be  a 
task  beyond  the  scope  of  this  report,  but  an  extensive  list  of  ref¬ 
erences  is  given  in  a  research  report  by  R.  H.  Baskey  (reference  1). 

Fiber  glass  filaments  are  usually  2.0  x  10'  to  1.0  x  10"  inches 
in  diameter.  Fibers  made  from  sodalime  "A"  glass  are  readily  subject 
to  moisture  attack  and  therefore  have  limited  storage  life  and  strength. 
Requirements  of  fibers  having  high  resistance  to  chemical  attack  and 
high  strength  are  met  by  the  commonly  used  Lime-Alumina-Borosilicate 
"E"  glass. 


Chart  of  Properties  of  MEn  Glass 


Physical  Properties 
Specific  gravity 
Hardness 


2.55 

6.5  Moh  Scale 


Mechanical  Properties 
Tensile  strength 
Modulus  of  elasticity  (tension) 
Bulk  modulus 
Poisson's  ratio 
Hysteresis 
Creep 

Resilience  modulus 


400,000  lb /in2 
10.5  x  106  lb/in2 
5.0  x  106  lb/in2 
0.22 
None 
None 

7600  in-lb/in3 


Thermal  Properties 

Coefficient  of  thermal  expansion 
Coefficient  of  thermal  conductivity 
Specific  heat 


2.8  x  10-&/F0 

7.2  BTU  in/f t2/hr/F° 

0.19 


Optical  Properties 
Refractive  index 


1.548  (at  550  millimicrons 
at  32°C) 


In  manufacturing  fibers  from  glass  by  a  mechanical  drawing  process, 
small  marbles  of  glass  are  formed  which  are  free  from  all  impurities. 
These  marbles  are  heated  in  an  electric  furnace  until  they  become 
molten.  The  molten  glass  flows  through  orifices  in  a  small  bushing  at 
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the  base  of  the  furnace.  During  the  early  stage  of  cooling,  the  molten 
glass  is  made  into  filaments  by  mechanical  drawing  at  a  very  high  speed 
in  the  range  of  5000  to  10,000  f.p.m.  A  surface  trating  material 
called  "sice"  ia  applied  to  the  filaments  at  the  gathering  device,  which 
collects  the  filaments  into  a  bundle  known  as  "strands".  The  strands 
are  twisted  and  wound  into  different  styles  of  weaves  (Figures  1  through 
4). 

RESINS 


The  most  common  resins  which  are  available  for  use  with  glass  fila¬ 
ments  are  polyesters,  epoxies,  phenolics,  and  silicones.  Where  high 
strength  and  abrasion-resistance  are  the  main  requirements,  epoxy  resins 
are  predominant.  Generally,  the  minimum  amount  of  resin  should  be  used 
to  wet  the  filament.  The  sizing  on  the  glass  filament  should  be  compat¬ 
ible  with  the  resin  to  allow  a  good  bond.  The  chemistry  and  general 
properties  of  all  resins  used  for  fiber  glass  reinforced  plastics  can  be 
found  in  any  standard  book  on  resins. 

FIBER  GLASS  REINFORCED  LAMINATES 


The  physical  properties  and  structural  behavior  of  the  laminates 
are  pfimarlly  dependent  upon  sizing,  the  type  and  orientation  of  rein¬ 
forcement,  the  volume  of  glass  content  present  and  the  resin  and  molding 
methods  for  fabrication.  The  reinforcing  materials  offer  various  kinds 
of  arrangements:  (1)  unidirectional  warp,  (2)  random  fiber  mat,  and 
(3)  a  number  of  woven  cloth  patterns.  From  these  materials  a  wide 
variety  of  selections  can  be  made  to  suit  the  design  requirements. 

The  high  strength  of  fibrous  glass  (tensile  strength  of  about 
400,000  p.s.i.)  places  it  in  the  domain  of  structural  materials.  It 
obeys  Hooke's  law  up  to  rupture,  so  this  characteristic  indicates  that 
the  structural  material  will  either  spring  back  to  its  original  position 
or  will  fracture.  This  inherent  property  of  fiber  glass  reinforced  plas 
tics  can  be  used  to  advantage  in  designs  involving  shock  absorption 
where  temporary  deformation  can  be  tolerated.  This  characteristic  makes 
it  a  most  desirable  material  for  landing  gear  struts  for  aircraft. 

Another  significant  characteristic  is  the  simplicity  in  fabricating 
the  most  intricate  structural  parts.  This  eliminates  the  complex  load¬ 
carrying  joints  and  thus  improves  the  performance  and  dependability  of 
the  complete  structure. 

The  low  modulus  of  elasticity  of  fiber  glass  reinforced  plastics 
was  one  of  the  main  factors  which  restricted  its  application  to  primary 
structures  for  aircraft,  but  the  rigorous  requirements  of  military  and 
space  vehicles  have  led  to  the  discovery  of  a  high  modulus  glass  which 
contains  a  small  amount  of  BeO  in  the  glass  composition.  The  high 
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modulus  glass  fiber  YM-31A  (reference  11)  has  a  25-50  percent  higher 
modulus  of  elasticity  than  "E"  glass. 


VARIATION  OF  MECHANICAL  PROPERTIES  WITH  LAMINATE  THICKNESS 


There  is  a  substantial  reduction  in  tensile,  compressive  and 
flexural  strength  for  thin  laminates,  particularly  those  less  than 
about  1/32-inch.  The  reason  for  reduction  is  not  clear,  but  one  concept 
suggests(reference  12)  that  a  portion  of  thickness  at  the  surface  is 
weaker  than  the  interior  of  the  laminate.  This  weak  surface  layer  may 
be  assumed  to  be  more  or  less  constant  in  thickness,  regardless  of  the 
total  thickness  of  the  laminate.  It  constitutes  a  larger  portion  of 
thin  laminates,  than  of  thick  laminates,  and  thus  the  strength 
properties  may  be  expected  to  decrease  with  decreasing  laminate 
thickness. 

Data  giving  the  fundamental  mechanical  properties  reduced  to  a 
wet  condition  of  1 /8-inch-»to-l/4-inch- thick  laminates  are  given  in  ANC- 
17.  Semi-empirical  relations  are  developed  to  calculate  the  strength 
of  thin  laminates. 


The  relation  between  strength  and  thickness  for  compression  may 
be  expressed  as 


F  =  Fm  —  } 


(1) 


where 
inch . 


Fm  ■  maximum  stress  of  a  thick  laminate  for  a  thickness  of  1/4 
This  becomes 


Therefore,  the  ratio  of  the  strength  at  any  thickness  "t"  to  that  at 
1/4  inch  is  expressed  as 


,  Ax 

Fm 


I 


(2) 


Also,  for  modulus 


If  the  data  for  a 
parameters  Fm  and 
for  more  than  two 
parameters  can  be 


of  elasticity 

V  K*c- 

(3) 

given  laminate  at  two  thicknesses  are  available,  the 
k  can  be  calculated  from  equation  (1).  In  case  data 
thicknesses  are  available,  the  values  of  these 
evaluated  by  the  least  square  method. 


I _ Em  *t»- 

Ey* 
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) 


■i  A* 

I 


_  SFZi*-2-|2i  £_  SFZ±-V)£4 

•  (s±)*~  >  * -  **£-&)* 

where  F  ■  strength  at  some  thickness  "t"  and  n  ■  number  of  values  of  F. 

In  case  of  modulus  of  elasticity,  the  equations  are  modified  by 
replacing  the  strength  term  "F"  by  the  modulus  of  elasticity  term  "E" . 


DESIGN  CONSIDERATIONS  FOR  LAMINATES 


To  obtain  maximum  structural  efficiency  and  economic  utilization 
of  glass  fabric  laminates,  particularly  for  aircraft  structures,  selec- 
tion  of  the  best  possible  basic  materials  and  thorough  knowledge  of  the 
behavior  of  the  material  at  various  angles  to  the  direction  of  the  load¬ 
ing  are  required.  When  the  empirical  strength  data  are  made  available, 
based  upon  theoretical  analysis,  the  designer  can  apply  this  material 
properly  for  structural  uses  in  aircraft. 

In  designing  glass  fabric  laminate,  a  few  important  assumptions  are 
made.  The  first  and  most  fundamental  is  that  the  glass  and  resin  are 
firmly  bonded  together  as  one  unit,  and  for  any  loading  condition  they 
undergo  equal  deformation.  The  second  is  that  the  material  is  considered 
to  be  elastic  and  obeys  Hooke's  law  up  to  the  point  of  rupture.  The 
third  is  that  all  the  fibers  in  the  laminate  are  assumed  to  be  straight 
and  unstressed,  or  the  initial  stresses  in  the  individual  fibers  are 
equal.  This  assumption  in  practice,  however,  is  not  quite  true,  as  is 
seen  from  the  tensile  tests  carried  out  on  the  test  specimens.  Some  of 
the  fibers  break  earlier  and  their  loads  are  transferred  to  the  unbroken 
fibers  with  the  consequence  that  the  failure  of  the  laminate  is  caused 
by  the  successive  breaking  of  the  fibers  rather  than  by  simultaneous 
breaking  of  all  of  them.  With  improved  fabricating  techniques  to  make 
the  fibers  work  together,  the  designer  will  be  able  to  utilize  higher 
stresses. 

Another  consideration  is  that  most  of  the  fiber  glass  laminates 
are  orthotropic  because  of  their  layered  construction.  When  the  designer 
is  provided  with  values  of  a  number  of  elastic  constants  in  addition  to 
the  strength  properties  of  glass  resin  and  combination,  he  is  in  a 
position  to  analyze  the  structure  with  suitably  modified  formulas  (ref¬ 
erence  9)  based  on  the  design  theory  of  orthotropic  materials. 
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EXPERIMENTAL  INVESTIGATIONS 


SPECIMENS 


Since  the  major  objective  of  the  investigation  was  to  obtain 
empirical  buckling  formulas  of  fiber  glass  reinforced  plastic  column 
members,  the  primary  tests  were  directed  towards  the  determination  of 
these  quantities.  Secondary  tests  were  carried  out  to  check  the 
quality  of  the  material. 

Twenty-four  column  specimens  representing  ten  different  lengths 
were  tested.  Each  specimen  was  identified  by  "TP",  followed  by  a  hyphen 
and  a  number. 

The  specimens  were  fabricated  in  the  Wood  and  Fiberglass  Shop  of 
the  Aerophysics  Department  of  Mississippi  State  University.  Six  plies 
of  181-glass  Volan  "A"  cloth  and  American  Cynamid  4154  Laminae  polyester 
resin  with  0.4  percent  MEKP  Catalyst  were  used  to  fabricate  the 
required  test  members.  The  technique  involved  in  fabricating  the  column 
members  was  a  simple  one.  All  the  members  were  fabricated  by  hand  lay-up 
process  at  room  temperature. 

The  nominal  mid-line  dimensions  of  the  cross  sections  were  used  for 
computation  purposes.  The  check  of  the  cross-sectional  dimensions  for 
each  column  member  showed  that  although  the  sections  were  not  absolutely 
uniform,  the  variation  was  small  and  the  nominal  dimensions  formed  the 
most  satisfactory  basis  for  computation  of  geometrical  section  properties. 

The  quality  of  the  material  was  determined  from  the  test  coupons 
taken  at  random  from  apparently  uninjured  portions  of  test  specimens. 

The  properties  of  the  material  as  determined  from  the  tension  and 
compression  tests  are  summarized  in  Appendix  I. 


COLUMN  TEST  APPARATUS 


The  column  tests  were  carried  out  in  the  100,000-pound  Riehle 
testing  machine  in  the  Civil  Engineering  Laboratory  of  Mississippi 
State  University.  The  general  arrangement  for  column  tests  is  shown 
in  Figure  5,  which  is  a  photograph  of  a  20-inch-long  column  under 
axial  load.  The  load  was  applied  to  the  specimen  from  the  moving 
head  of  the  testing  machine  through  the  upper  end  fitting. 

The  end  fittings  used  to  obtain  the  desired  boundary  conditions 
were  specially  designed  and  constructed  in  the  Machine  Shop  of  the 
Aerophysics  Department  at  Mississippi  State  University.  The  main 
requirement  was  that  the  resultant  load  should  be  applied  through  the 
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centroid  of  the  end  cross  section.  Figure  6  shows  the  two  end  fitting 
assemblies.  The  pin-ended  conditions  were  obtained  by  using  two  spheri¬ 
cal  steel  balls  of  1-inch  diameter,  each  resting  in  between  the  two 
hardened  steel  plates  at  both  the  ends  of  the  fittings,  as  shown  in 
Figure  7.  In  order  to  prevent  slipping  of  the  steel  balls  during  load¬ 
ing  operation,  small  comical  recesses  were  provided  on  the  lower  base 
plate  of  the  lower  block  and  on  the  upper  base  plate  of  the  upper 
block.  These  base  plates  on  which  the  two  steel  balls  make  contact  were 
of  hardened  tool  steel  and  were  inserted  into  the  aluminum  blocks.  This 
was  done  in  order  to  reduce  the  weight  of  the  end  fittings. 

Aluminum  plugs  -  1/2  inch  in  lenth,  tapered  down  to  1/8  inch  for 
fit  and  having  a  diameter  equal  to  the  inner  diameter  of  the  column 
members  -  were  inserted  exactly  at  the  center  of  each  block,  which 
locates  the  central  position  of  the  struts  in  conjunction  with  the  central 
line  of  the  loading  head  of  the  machine.  A  special  arrangement  of  two 
sets  of  clamps  was  used  to  provide  for  adjustment,  whereby  the  steel 
balls  could  be  adjusted  along  the  line  parallel  to  the  centroidal  axis 
of  the  end  cross  section  of  the  strut  so  that  the  effect  of  initial 
eccentricities  could  be  removed  and  a  very  sharply  defined  buckling  of 
the  strut  could  be  obtained.  This  was  done  by  lowering  the  upper  end 
fitting  (attached  to  the  upper  head  of  the  machine)  to  have  an  exact 
alignment  with  the  lower  end  fitting  resting  on  the  stationary  platform 
of  the  machine.  The  two  clamps  on  both  the  ends  were  not  removed  until 
an  initial  load  of  about  100  to  150  pounds  was  applied  to  the  column 
test  specimen.  In  this  way  it  was  ensured  that  the  load  acted  along  the 
center-line  of  both  the  end  cross  sections.  Figure  8  shows  the  two 
clamps  which  locate  the  central  position  of  the  steel  balls  along  the 
line  parallel  to  the  centroidal  axis  of  the  end  cross  section. 

The  bottom  base  block,  3/4-inch-thick,  rested  directly  on  the 
stationary  platform  of  the  machine  while  the  heavy  upper  base  block 
was  fixed  exactly  at  the  central  position  of  the  movable  head  of  the 
machine. 


COLUMN  TEST  PROCEDURE  AND  RESULTS 

After  the  individual  test  specimens  were  fabricated,  the  ends 
were  squared  and  the  edges  of  the  cross  sections  broken  with  a  fine 
file  and  fine  sandpaper  so  that  they  rested  smoothly  on  the  flat 
surface  of  the  end  fittings.  This  was  very  necessary  because,  in  the 
preliminary  tests  on  short  column  members,  it  was  observed  that  even 
a  slight  discrepancy  in  the  evenness  of  the  end  cross  section  had 
lowered  the  failure  load  substantially. 

After  the  specimen  had  been  placed  properly  in  the  testing  machine 
and  sufficient  load  of  about  100  to  150  pounds  had  been  applied  to  take 
up  all  play,  the  end  fittings  were  checked  to  make  sure  that  the  parts 
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were  in  their  proper  positions.  Usually,  some  adjustment  of  the  end 
position  was  found  necessary,  but  this  adjustment  could  be  easily  made 
as  long  as  the  axial  load  did  not  exceed  100  to  150  pounds.  At  this 
stage,  the  two  clamps  used  to  locate  the  central  position  of  the  steel 
balls  were  removed. 

Once  the  specimen  was  properly  located  in  the  testing  machine,  the 
dial  gauge,  mounted  on  a  stand,  was  adjusted  at  the  center  of  the  strut 
to  find  the  central  deflection  of  the  column  at  each  stage  of  loading. 

The  initial  reading  of  the  dial  gauge  was  recorded.  The  load  was 
increased  slowly  to  approximately  half  of  the  expected  critical  load. 

The  load  was  then  reduced  to  a  convenient  "basic  load"  for  starting  the 
test.  At  the  same  time  the  end  fittings  were  again  checked  to  make 
sure  that  the  various  parts  were  in  proper  relative  position. 

After  the  basic  readings  were  completed  the  load  was  again  increased 
at  a  slow  rate.  At  convenient  intervals,  a  set  of  readings  were  taken 
at  the  dial  gauge  to  measure  the  central  deflection  of  the  column  member. 

Normal  practice  was  to  test  two  specimens  having  the  same  length. 

For  short  column  members  of  length  less  than  15  inches,  the  central 
deflection  observed  was  extremely  small,  but  as  the  length  of  the 
specimen  was  increased,  large  deflections  were  observed. 

Data  from  the  four  column  members  -  10,  15,  20,  and  25  inches  - 
seemed  unreliable.  An  inspection  showed  that  the  strut  had  imperfections 
such  as  air  bubbles  which  were  not  eliminated  during  the  fabrication 
process  and  which  caused  a  considerably  lower  load.  The  tests  on  these 
members  were  repeated,  and  the  original  data  were  essentially  duplicated. 
Four  additional  members  were  fabricated  to  replace  the  four  defective 
members. 

In  the  case  of  the  longer  columns,  a  load  was  reached  after  which 
a  small  increase  in  load  produced  a  large  increase  in  deflection.  This 
load  was  accepted  as  representing  the  buckling  load  of  the  column  member. 
The  details  about  the  specimen  tested  are  given  in  Table  I. 

Experimental  determination  of  the  elastic  buckling  stress  is  gen¬ 
erally  made  on  Southwell's  assumption  of  hyperbolic  relation  between 
load  and  deflection  (reference  16).  It  is  presumed  ;hat  a  small  amount 
of  Initial  imperfection  is  inherent  in  the  test  specimens  and  this 
deviation  from  straight  form  goes  on  increasing  with  the  load.  Accord¬ 
ing  to  theoretical  assumptions,  the  load  deflection  relationship  is 
given  by  two  straight  lines:  the  ordinate  M0A"  and  a  horizontal  line  at 
"A"  parallel  to  the  abscissa  (Figure  9a),  where  "A"  corresponds  to  the 
critical  load.  In  practical  cases,  however,  the  expectation  of  sudden 
buckling  at  the  critical  load  is  not  likely  to  be  fulfilled.  The  inlt.al 
deflection  due  to  inaccuracies  of  fabrication  or  loading  is  intensified 
by  the  action  of  the  applied  forces.  Within  the  region  of  small  deflec- 
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Cions,  Che  load  defleccion  curve  approximates  a  recCangular  hyperbola 
having  Che  axis  of  zero  defleccion  as  an  asympCoCe.  Plotting  S/P 
against  ^  ,  where  S  is  Che  defleccion  and  P  Che  applied  load,  a 

straight  line  relationship  is  obtained  -  Che  inverse  slope  of  which 
gives  Per  (shown  in  Figure  9b).  The  Cest  results  of  column  member 
TP12  plotted  in  Figures  10a  and  10b  show  close  agreement  with  the 
results  predicted  by  theory.  Similar  results  were  obtained  for  other 
members,  as  given  in  Table  II  and  shown  graphically  in  Figure  11. 


TYPES  OF  FAILURE 


The  failure  encountered  by  the  longer  column  r.embers  in  compression 
was  evidently  Euler  buckling.  It  was  observed  that  after  the  column 
had  reached  its  maximum  load,  a  small  increase  in  load  produced  a  large 
increase  in  deflection.  The  action  of  a  40-inch-long  column  at  different 
stages  of  loading,  which  indicates  the  Euler  buckling,  is  shown  in 
Figures  12  through  14. 

Specimens  less  than  15  inches  long  did  not  show  much  deflection 
to  the  naked  eye;  however,  small  deflections  were  recorded  from  the  dial 
gauge.  The  failure  of  a  10-inch  specimen  is  shown  in  Figure  15. 

The  complete  data  recorded  for  the  buckling  of  the  column  members 
are  given  in  Table  II. 


TENSION  AND  COMPRESSION  TESTS  OF  THE  MATERIAL 


The  quality  of  the  material  was  determined  by  carrying  out  tension 
and  compression  tests  on  the  test  coupons  which  are  summarized  in 
Appendix  I.  The  stress-strain  curves  for  compression  and  tension  tests 
are  given  in  Figures  16  through  18.  It  is  interesting  to  note  that, 
unlike  isotropic  materials,  the  behavior  of  fiber  glass  reinforced 
plastics  in  tension  is  different  from  compression. 


DISCUSSION  OF  RESULTS 


Certain  physical  laws  are  common  to  all  columns.  Within  the  elastic 
limit  of  the  material,  the  primary  buckling  stress  for  column  members  of 
uniform  cross  section  is  given  by  Euler's  formula. 


where  P  ■  maximum  load  on  the  column,  lbs 
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A 


cross-sectional  area  of  the  column, 


L  *  length  of  the  column,  in 
radius  of  gyration,  in 
“jir*  slenderness  ratio 

C  ■  factor  depending  upon  the  end  conditions  (for  pin-ended 
conditions  C  ■  1) 


From  the  elastic  limit  to  the  point  of  maximum  stress,  the  curve  which 
represents  the  oad  a  column  will  support  depends  upon  the  character¬ 
istics  of  the  material  as  well  as  the  slenderness  ratio. 


The  curve  which  was  obtained  can  be  represented  by 


P 

7T 


where 


=  0.875 


TT^Ecu 

1FW 


(\-/e)Cr=4.275 


t20A(tyti3-()374.0(l/eT+5S2AG0.0&$A  ICT6 

o<  L/e  <  ( L/e)Cr 
Cl/e)  >  (L/e)Cr 

[jo7 

*  ffVnax 


•nd  Eou=0.q2E 

The  curve  shown  in  Figure  11  is  similar  to  the  Forest  Products 
Laboratory  parabolic  curve  for  plywood  columns  (reference  10);  however, 
in  Figure  11  the  curve  in  the  intermediate  column  range  is  steeper  than 
the  one  obtained  by  the  formula  given  in  reference  10.  It  is  quite 
likely  that  this  might  be  due  to  either  initial  inherent  imperfections 
of  the  column  members,  errcrs  in  testing  procedures,  i.e.,  eccentric 
loading,  minor  errors  in  boundary  conditions  or  8  combination  of  these 
factors.  The  amount  of  scattering  of  the  plotted  points,  especially  in 
the  intermediate  column  range,  justifies  these  reasons. 

The  degree  of  accuracy  with  Euler  columns  is  believed  to  be 
primarily  a  matter  of  refinement  used  in  determining  the  stiffness  of  the 
test  specimens. 
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THEORETICAL  CONSIDERATIONS  FOR  EFFICIENCY  COMPARISON 


The  structures  of  maximum  structural  efficiency,  or  structures  of 
minimum  weight,  are  gnerally  designed  on  the  basis  of  simultaneous 
failure  occurring  in  all  modes  which  are  critical.  Any  instability  of 
a  thin-walled  compression  member  subjected  to  an  axial  thrust  is  gen¬ 
erally  considered  a  failure.  Hence,  there  can  be,  in  general,  three 
types  of  failures:  (1)  primary  buckling  which  can  occur  at  stresses 
below  the  elastic  limit  (Euler  buckling)  or  at  stresses  above  the 
elastic  limit  (reference  18),  (2)  secondary  or  local  buckling,  and  (3) 
material  failure.  Thus,  the  optimum  section  is  derived  by  equating  the 
primary  buckling  stress  and  local  buckling  stress  to  the  compression 
stress  of  the  material. 

It  can  be  shown  that  for  a  given  load  and  allowable  stress,  con¬ 
sidering  primary  buckling  only,  indefinite  reduction  in  weight  is 
possible  by  decreasing  the  thickness  and  suitably  increasing  the  other 
sectional  dimensions.  However,  reduction  in  thickness  below  a  certain 
limit  results  in  local  instability  failure.  Thus,  there  is  an  optimum 
thickness  which  will  be  small  enough  to  make  the  weight  a  minimum  and 
at  the  same  time  large  enough  to  prevent  local  buckling. 

Three  types  of  sections  -  circular  cross  section  (Figure  19a), 
rectangular  cross  section  (Figure  19b),  and  square  cross  section  (Figure 
19c)  -  have  been  treated  in  the  analysis. 

The  relevant  formulas  for  critical  stress  corresponding  to  the 
above  modes  of  failure  are  given  as 


(®ccr)^|at=  K,E(~eO 


( 


"acr)  =  K^E.  (-£) 

circular 


where  C  is  the  column  end  fixity  and  is  equal  to  1.0  for  pin-ended 
columns. 
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■  a  nondimensional  coefficient  in  local  buckling  formula  for 
flat  plate. 

K2  ■  a  nondimensional  coefficient  in  local  buckling  formula  for 
circular  plate. 

Ey  ■  reduced  modulus. 

E  «  effective  modulus. 


A.  Circular  Section 


-  -  TT*Er 

^c-c-i 7- *1T 


(la) 


(lb) 

(lc) 


(Id) 


„ _ K*E 

°CC  r  P/^ 

P 

cr  ~  ^ttRI  . 

Imposing  the  condition  CT  ss  ^ccraE(fcc j 

zi^ rt=  Ir35-?^-  • 

Solving  for  D  and  t  from  equation  (Id), 

From  these  two  relations  the  value  of  optimum  Wt  can  be  obtained  by 
substituting  £Ey  * 


(le) 


Equation  (le)  shows  that  for  all  alloys  having  the  same  base  material 
the  optimum  D/t  ratio  is  a  function  of  the  structural  index  only. 
Assuming  a  value  of  0.4  for  K2  and  unity  for  C,  equation  (le)  has  been 
plotted  in  Figure  20  for  various  materials. 

The  primary  buckling  given  by  equation  (la)  contains  a  design 
variable  L.  The  term  is  governed  by  the  shape  of  the  cross  section, 

but  it  cannot  be  used  for  shape  parameter  because  it  is  dimensional. 

Then  we  replace  6®  by  a  nondimensional  factor  that  depends  upon  the 
proportion  of  the  cross  section. 
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■fe,= 


Since  has  the  dimensions  of  an  area,  it  may  be  divided  by  the 
cross-sectional  area  of  the  column  to  obtain  the  shape  parameter  : 

pz  _  p 

•=  a  "  8nt.  (W 

Equation  (la)  may  thus  be  written  as 

A _  —  TT^  By  At, 

°cc  1*  ^-fe|  ’  (lg) 

Substituting  the  values  of  and  A  where  A  is  expressed  in  terms  of 

<r  *  P/A  •  equation  (lg)  becomes 


load  and  stress 


(fee  = 


_  tt*E 


jl  JL 

<r  8iTt . 


(lh) 


The  maximum  stress  that  can  be  developed  in  circular  column  mem¬ 
bers  can  be  obtained  by  substituting  the  value  for  (D/t)  in 
equation  (lh): 


Cco 


(li) 


Substitute  X  9  Er/E,  since  for  a  given  material, £  is  a  known 
function  of  <|-  ,  which  is  plotted  in  Figures  21  through  25  for 

different  materials. 


Thus  equation  (li)  reduces  to 

Y%z'/zE*aCfci/3 

W0pT  =  (a^opt  X  (density) 
_  Z 

where  w  ■  density  of  the  material. 


(lj) 


(lk) 


Efficiency  Criterion 

From  equation  (lj)  and  (lk),  w/P®  \»0/<Scc/t*>  > 

^CC  /w  thus  provides  a  convenient  efficiency  criterion  for  computing 
the  potentialities  of  different  materials. 


From  equation  (lk), 
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where 

(%?f3 


TT 

Z 


&  Ja  E*tApV* 

r  K*  “ — ^  .> 


(li) 


material  parameter  and 


loading  parameter. 


Equation  (IX)  is  plotted  (Figure  26)  as  curves  of  against  \f P/ 

f  nr  A  ■(  f  f  nront-  mnf-nr  ^  n  1  c  • 


for  different  materials. 

B.  Rectangular  Cross  Section 


\F 


'cc  r 


=  K,E  (-kti 


r  -  4bt(|+yn5 

where  YY>  s  -K/b- 

Imposing  the  condition  <Tc  -  Occr  "  <TTc, 


(2a) 

(2b) 

(2c) 


4btferK.E<^)*-c 


TT^Ev 

tF  30+w)  ' 


(2d) 


and  solving  for  b  and  t  from  equation  (2d),  ^ 

l _ r  Z7( i + ™~)  rho y r_kjPiLfI.i "fo 

®  L *  [  c*E?  J 

+  =  r  3  1-fey  r  P4if  -1  Xo 

X  l4TT*m*0+w>)4(3+w)J  A  LCK<3  E3  EtJ  . 

From  the  above  two  relations,  the  value  of  optimum  (b/t)  can  be 
obtained  by  substituting  £  =  g ^  . 
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(2e) 


^)opt=[ 


1^0  K  E 

I4tt  4  (3+-  (fy)Hs  c  '/g 


Equation  (2e)  also  shows  that  for  all  alloys  having  the  same  base  material 
the  optimum  (b/t)  ratio  is  a  function  of  the  structural  index  only. 
Assuming  a  value  of  3.6  for  and  unity  for  C,  equation  (2e)  has  been 

plotted  in  Figures  27a  through  27d  for  various  ratios  of  h/b. 

The  shape  parameter  in  this  case  is  given  by 

L  m*(3+  YrO  /  b\ 

1  A  12.  Cl +YV')a'  •  (2f) 

The  primary  buckling  equation  (2a)  may  thus  be  written  as 


<Tcc  — 


<2g) 


substituting  the  values  of  and  A,  where  A  is  expressed  in  terms  of 
load  and  stress  fsp/A  .  Thus  equation  (2g)  becomes 


(2h) 


The  maximum  stress  that  can  be  developed  in  a  rectangular  cross  section 
can  be  obtained  by  substituting  the  values  for  optimum  (b/t)  ratio  in 
(2h); 

<r*  =0.4912.  Er 

(2i) 

T  =•  Er/E  is  substituted,  since  for  a  given  material,  Z?  is  8  known 
function  of  <P  ,  which  has  been  plotted  in  Figures  21  through  25  for 
different  materials.  The  equation  (2i)  reduces  to 


<r- 0.700  8 


(2J) 
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(w)0pt  =  (Area)0pi  X  uj 

P3/gL4/b  x 

-  1.4^70  TrJ^j63^vn^  * 


Efficiency  Criterion 

From  equations  (2j)  and  (2k), 


W  _  IQ 


Thus  <cc/w  provides  a  convenient  efficiency  criterion  for  comparing  the 
potentialities  of  different  materials. 

From  equation  (2k), 

(2  X  ) 


where 


u> 

m*/s 


material  parameter  and 


loading  parameter. 


Equation  (2X)  is  plotted  in  Figure  28  for  h/b  ■  m  »  0.8  as  curves  of 
n,.  against  Jp/i?  For  any  desired  ratio  of  h/b,  such  curves 

can  be  plotted. 

C.  Square  Section 

A  square  section  is  a  special  case  of  a  rectangular  cross  section 
when  m  ■  1.  By  substituting  the  value  ra  ■  1  in  the  analysis  made  for  the 
rectangular  cross  section,  we  get 


%  P  »/5 
1 1  c 


(£)opt = 5973  (p/gy/5 


which  is  plotted  in  Figure  29. 


Also, 


>1  =  #=  0.7008  K^-^nr-O^L?)  * 


which  is  plotted  in  Figure  30. 
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COMMENTS 


After  having  obtained  the  empirical  column  buckling  formulas  for 
fiber  glass  reinforced  plastic  materials,  the  column  efficiency  is  com¬ 
pared  with  conventional  structural  alloys. 

Efficiency  equations  (lL),  (2 A) ,  and  (3b)  for  circular,  rectangular, 
and  square  cross-sectional  members  of  different  materials  have  been  plotted 
against  the  loading  parameter  Jp/L&  in  Figures  26,  28,  and  30,  respec¬ 
tively.  To  contract  the  scale,  the  square  root  of  the  structural  index 
has  been  used  for  plotting. 

A  comparative  study  of  Figure  30  for  column  members  of  square  cross 
section  shows  that  for  lightly  loaded  structures,  P/l»<l4.0  p.s.i.,  143- 
glass  fabric  is  the  optimum  material,  while  for  heavily  loaded  structures, 
P/L»  714.0  p.s.i.,  the  lightest  column  would  be  from  7075  aluminum 

alloy.  When  143-glass  fabric  is  compared  with  2024  aluminum  alloy  and 
fully  hardened  steel,  it  is  shown  to  be  much  superior  to  these  alloys 
in  all  the  loading  ranges.  At  400  p.s.i.,  143-glass  fabric  is 

47  percent  superior  to  2024  aluminum  alloy  and  32  percent  superior  to 
fully  hardened  steel. 

181  Volan  "A"  cloth  is  shown  to  be  36  percent  inferior  to  7075 
aluminum  alloy  for  P/lP^^O.O  p.s.i.  loading  range  and  12  percent 
Inferior  to  2024  aluminum  alloy  at  the  low  loading  range  of  P/L^^3.0 
p.s.i.  But  181-glass  fabric  is  superior  to  fully  hardened  steel  for 
lightly  loaded  structures  for  the  loading  range  P/L^KZS.O  p.s.i. 

Figure  30  is  thus  primarily  of  value  only  as  indicating  the  general 
range  of  loading  for  which  a  material  may  have  efficient  applications. 

A  similar  comparative  study  of  column  efficiency  for  circular  and 
rectangular  cross  sections  can  also  be  made  from  Figure  26  and  Figure  28. 
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CONCLUSION 


The  analysis  made  in  this  report  is  primarily  directed  towards  study¬ 
ing  the  efficiency  of  column  members  of  Volan  "A"  181-  and  143-glass 
fabrics,  with  4154  polyester  resin,  in  comparison  with  other  metallic 
structural  alloys. 

Even  though  Young's  modulus  of  143-glass  reinforced  plastic  (4.91 
x  10°  p.s.i.)  is  considerably  low,  the  material  shows  great  potential 
for  column  members.  Particularly  for  the  low  loading  range  (  P/ 

^  l4.0  p.s.i.),  square  column  members  of  this  material  show  optimum 
structural  range;  in  other  words,  the  efficiency  is  greater  than  any  other 
comparable  material. 

Column  members  of  Volan  "A"  181-glass  reinforced  plastic  do  not  show 
appreciable  improvement  in  efficiency.  This  is  because  Young's  modulus 
(2.916  x  10°  p.s.i.)  is  very  low. 

When  the  special  high  modulus  glass  fabrics  currently  under  develop¬ 
ment  are  fully  developed,  and  better  resins  and  improved  molding  tech¬ 
niques  are  known,  it  is  reasonable  to  believe  that  glass  reinforced  plas¬ 
tics  will  become  a  highly  feasible  and  competitive  material  for  use  as 
column  members  in  aircraft  structures. 

Manufacturing  considerations,  rather  than  loading  considerations, 
may  also  be  a  deciding  factor  for  determining  the  most  suitable  material 
for  a  particular  application. 

Structures  from  reinforced  plastics  can  be  easily  fabricated  to  the 
required  optimum  size  by  molding  processes,  thereby  eliminating  the  con¬ 
siderable  machining  which  is  involved  in  many  of  the  metallic  alloy 
structures . 
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TABLE  I 

DIMENSIONS  AND  PROPERTIES  OF  COLUMNS 


Teat 

t 

I.D. 

A  0 

£-/T7a 

L 

ue 

Sample 

(in) 

(in) 

(in)2 

(in) 

(in) 

TP-01 

0.0770 

1.3250 

0.3206 

i 

0.4684 

8.550 

18.25 

TP-02 

0.0770 

1.3250 

0.3206 

0.4684 

8.550 

18.25 

TP-03 

0.0720 

1.3270 

0.3001 

0.4691 

10.150 

21.64 

TP -04 

0.0725 

1.3460 

0.3066 

0.4758 

10.000 

21.15 

TP-05 

0.0750 

1 . 3450 

0.3169 

0.4755 

10.000 

21.03 

TP-06 

0.0700 

1.3460 

0.2960 

0.4758 

12.000 

25.35 

TP-07 

0.0750 

1.3420 

0.3162 

0.4744 

12.000 

25.43 

TP-08 

0.0725 

1.3460 

0.3066 

0.4744 

14.875 

31.36 

TP-09 

0.0700 

1.3475 

0.2963 

0.4763 

15.000 

31.50 

TP-10 

0.0800 

1.3255 

0.3331 

0.4686 

15.000 

32.00 

TP- 11 

0.0700 

1.3300 

0.2925 

0.4702 

20.100 

42.75 

TP- 12 

0.0725 

1.3535 

0.3083 

0.4785 

20.000 

41.80 

TP-13 

0.0730 

1.3455 

0.3086 

0.4756 

20.000 

42.17 

TP-14 

0.0750 

1 . 3430 

0.3164 

0.4748 

25.000 

52.70 

TP-15 

0.0750 

1 . 3430 

0.3164 

0.4748 

25.000 

52.70 

TP-16 

0.0725 

1.3535 

0.3061 

0.4785 

24.625 

51.45 

TP- 17 

0.0700  : 

1 . 3450 

4 

0.2958 

0.4755 

25.000 

52.57 

TP-18 

0.0750 

1.3430 

0.3164 

0.4748 

30.000 

63.19 

TP- 19 

0.0750 

1.3450 

0.3165 

0.4755 

30.000 

63.19 

TP-20 

0.0800 

1.3450 

0.3380 

0.4755 

35.000 

73.93 

TP-21 

0.0800 

1.3450 

0.3380 

0.4755 

35.000 

73.93 

TP-22 

0.0720 

1 . 3430 

0.3038 

0.4748 

40.000 

84.47 
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TABLE  I  -  (Contd.)  , 

Teat 

t 

I.D. 

A  2 

€-/i7 i 

L 

Sample 

(in) 

(in) 

(in; 

(in) 

(in) 

TP-23 

0.0750 

1.3410 

0.3164 

0.4740 

1'  -a ’  1 

94.94 

TP-24 

0.0750 

1.3410 

0.3164 

0.4740 

94.94 
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TABLE  II 

TEST  RESULTS  ON  COLUMNS 


Test 

Sample 

t 

(in) 

I.D. 

(in) 

(in)2 

ue 

<fuTt 

(lb) 

(fmax 

(lb/in2) 

TP-01 

0.0770 

1.3250 

0.3206 

18.25 

10,150 

31,660 

TP-02 

0.0770 

1.3250 

0.3206 

18.25 

10,200 

31,850 

TP-03 

0.0720 

1.3270 

0.3001 

21.64 

7,000 

23,325* 

TP-04 

0.0725 

1.3460 

0.3066 

21.15 

9,190 

29,975 

TP-05 

0.0750 

1.3450 

0.3169 

21.03 

9.550 

30,145 

TP-06 

0.0700 

1.3460 

0.2960 

25.35 

7,750 

36,182 

TP-07 

0.0750 

1.3420 

0.3162 

25.43 

8,000 

25,300 

TP-08 

0.0725 

1.3460 

0.3066 

31.36 

5,850 

19,080 

TP-09 

;  0.0700 

1.3475 

0.2963 

31.50 

6,000 

20,250 

TP- 10 

0.0800 

1.3255 

0.3331 

32.00 

6,200 

18,615* 

TP-ll 

0.0700 

1.3300 

0.2925 

42.75 

3,500 

11,966* 

TP-12 

0.0725 

1.3535 

0.3083 

41.80 

4,230 

13,720 

TP-13 

0.0730 

1.3455 

0.3086 

42.17 

4,050 

13,125 

TP-14 

0.0750 

1.3430 

0.3164 

52.70 

2,250 

7,110* 

TP-15 

0.0750 

1.3430 

0.3164 

52.70 

2,750 

8,700 

TP-16 

0.0725 

1.3535 

0.3061 

51.45 

2,900 

9,475 

TP-17 

0.0700 

1.3450 

0.2958 

52.57 

2,725 

9,210 

TP-18 

0.0750 

1.3430 

0.3164 

63.19 

2,000 

6,325 

TP- 19 

0.0750 

1.3450 

0.3165 

63.19 

2,050 

6,475 

TP-20 

0.0800 

1.3450 

0.3380 

73.93 

1,500 

4,438 

TP-21 

0.0800 

1.3450 

0.3380 

73.93 

1,510 

4,470 

TP-22 

0.0720 

1.3430 

0.3038 

84.47 

1,050  j 

3,456 
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TABLE  II  -  (Contd.) 

Test 

t 

I.D. 

A  2 

ue 

(fult 

(Tmax 

Sample 

(in) 

(in) 

(in) 

(lb) 

(lb/in2) 

TP-23 

0.0750 

1.3410 

0.3164 

94.94 

910 

2,875 

TP-24 

0.0750 

1.3410 

0.3164 

94.94 

900 

2,844 

*  The  column  members  were  defective. 
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Figure  2.  Fabrics 
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Figure  4.  Reinforcing  Mata. 


Figure  5.  General  Arrangement  for  Column  Test. 


Figure  6.  End  Fitting  Assemblies. 
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Figure  8.  C leaps  Used  to  Locate  the  Central 

Figure  7.  Pin-Ended  Condition  for  Test  Specimen.  Position  of  the  Steel  Balls. 


Figure  10b.  Deflection  Versus  Ratio  of  Deflection  to  Applied  Load  for 
20.15-inch  Specimen. 
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Figure  il.  Experimental  Column  Buckling  Curve  for  Fiber  Glass 
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Figure  12.  40- inch  Coluun  Under  Different  Figure  13.  40 -inch  Colunn  Under  Different 

Steges  of  Loading.  Stages  of  Loading. 
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Figure  14.  40-inch  Column  Under  Critical  Load.  Figure  15.  Failure  of  10-inch  Coluan 
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Figure  16.  Stress-Strain  Curve  in  Compression. 
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Figure  17.  Stress-Strain  Curve  in  Tension  for  an  Angle  Between  Applied 
Load  and  Primary  Direction  of  Fabric  Equal  to  Zero  Degrees. 


Figure  18.  Stress-Strain  Curve  in  Tension  for  an  Angle  Between  Applied 
Load  and  Primary  Direction  of  Fabric  Equal  to  Ninety  Degrees. 
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Figure  20.  Ratio  of  Applied  Load  to  Column  Length  Squared  Veraua  Ratio 
of  Tube  Diameter  to  Thlckneas  for  Circular  Column  Members. 
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Figure  21.  Axial  Stress  Versus  Reduced  Modulus  Ratio  for  Fully  Hardened 
Steel  (MIL-T-6732) . 
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Figure  25.  Axial  Stress  Versus  Reduced  Modulus  Ratio  for  181-Glass  Fabric 
and  143-Glass  Fabric. 


3$$,$  533*  % 

*  iOtx(4*/w6*J4tj 
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Figure  26.  Loading  Intensity  Versus  Efficiency  for  Circular  Column  Members. 
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o  40  SO  MO  /to  300  040  330 

Figure  27a.  Optimum  Ratio  of  Applied  Load  to  Column  Length  Squared  Versus 
Ratio  of  Semi-Width  of  Cross  Section  to  Thickness  for 
Rectangular  Cross  Section  Having  a  Ratio  of  Semi-Depth  of 
Cross  Section  to  Semi -Width  of  Cross  Section  Equal  to  0.5. 
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O  40  90  MO  MO  300  340  330 

P/L*  pi 

Figure  27b.  Optimum  Ratio  of  Applied  Load  to  Column  T -ngth  Squared  Versus 
Ratio  of  Semi-Width  of  Cross  Section  to  Thickness  for 
Rectangular  Cross  Section  Having  a  Ratio  of  Semi-Depth  of 
Cross  Section  to  Semi-Width  of  Cross  Section  Equal  to  0.6. 
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Figure  27c.  Optimum  Ratio  of  Applied  Load  to  Column  Length  Squared  Versus 
Ratio  of  Semi-Width  of  Cross  Section  to  Thickness  for 
Rectangular  Cross  Section  Having  a  Ratio  of  Semi-Depth  of 
Cross  Section  to  Semi-Width  of  Cross  Section  Equal  to  0.7. 


Figure  27d.  Optimum  Ratio  of  Applied  Load  to  Column  Length  Squared  Versus 
Ratio  of  Semi-Width  of  Cross  Section  to  Thickness  for 
Rectangular  Cross  Section  Having  a  Ratio  of  Semi-Depth  of 
Cross  Section  to  Semi-Width  of  Cross  Section  Equal  to  0.8. 
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Figure  28.  Loading  Intensity  Versus  Efficiency  for  Rectangular  Column 
Members  Having  a  Ratio  of  Semi-Depth  of  Cross  Section  to 
Semi -Width  of  Cross  Section  Equal  to  0.8. 


Figure  29.  Optimum  Ratio  of  Applied  Load  to  Column  Length  Squared  Versus 
Ratio  of  Semi-Width  of  Cross  Section  to  Thickness  for  Square 
Cross  Section. 
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Figure  30.  Loading  Intensity  Versus  Efficiency  for  Square  Coluam  Mearibers. 


APPENDIX  I 

RESULTS  OF  TENSION  AND  COMPRESSION  TESTS  OF  TOE  MATERIAL 


The  properties  of  the  material  used,  as  determined  from  tension  and 
compression  tests,  are  summarized  in  the  following  tables: 


TENSILE 

PROPERTIES  OF  181 

-GLASS  FABRIC  WITH  4154 

POLYESTER  RESIN 

Laminate 

Angle  of  Loading 

Modulus  of  Elasticity 

Ultimate  Strength 

181 

0° 

2.54  x  10  p.a.l. 

38000  p.s.i. 

Fabric 

90° 

2.38  x  10  p.a.l. 

35200  p.s.i. 

45° 

1.46  x  106  p.s.i. 

16985  p.s.i. 

COMPRESSIVE  PROPERTIES  OF  181 -GLASS  FABRIC  WITH  4154  POLYESTER  RESIN 

Property 

Angle  of  Loading 

Modulus  of  Elasticity 

Ultimate  Strength 

Average 

0° 

3.17  x  106  p.s.i. 

33320  p.s.i. 

Maximum 

0° 

3.24  x  10®  p.s.i. 

35640  p.s.i. 

Minimum 

0° 

3.10  x  106  p.s.i. 

31000  p.s.i. 
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APPENDIX  II 


7' t ! ;  'X*.  m -v/.w/.v  * •  ^  r»f mw,> » mu*j ;  w * '•74 


It  la  uauMd  that  the  pin-ended  column  atrength  of  2024  tubaa  la 
glvan  by  tha  atraight  llna  aquation 

(JS:  =58,000-527  L/e,  w 

for  valuta  of  alandarnaaa  ratio  ^between  9.5  and  73.  Balov  ^/tm  9.5, 
it  la  aaiuaad  that  tha  critical  atraaa  la  53,000  p.a.l.  Abova  ■  73, 
tha  atraaa  la  aaauamd  to  ba  glvan  by  tha  Eular  formula 

TTag 

<*> 

Tha  calculatlona  for  raducad  modulua  ara  mada  aa  follow*,  tha  raaulta  of 
which  ara  glvan  In  Tabla  III. 

1.  Aaauma  a  aarlaa  of 


2 .  Computa  from 

tfco  -  58,000  -  527  We  for  9.5  <¥< 
*©C  “  (l/fi*  for  >  73 


TT*E 

Twe 


3.  Ualng  tha  computad  valuaa  of  ,  computa  Eyfrom 

£  s  *Cc(MP* 
r  TT* 

4.  Computa  f  from  m  &r/£ 


In  tha  caaa  of  tha  othar  matarlala,  raducad  modulua  (Ey)  haa  baan 
avaluatad  In  tha  aama  manner  by  ualng  appropriate  column  formulae.  Tha 
valuaa  for  each  caaa  ara  glvan  in  Tablaa  IV  through  VIII. 
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TABLE  III 

2024-T6  ALUMINUM  ALLOY 


m 

ut 

(fee 

Er 

E 

r-Ht/E 

wtvm 

J  P/L2 

Circular 

Sactlon 

9.49 

53,000 

483,600 

t 

0.0459 

33.68 

29.46 

13.28  ^ 

51,000 

911,300 

0.0865 

21.59 

17.29 

17.08 

49,000 

1,453,000 

0.1379 

15.35 

11.48 

20.87 

47,000 

2,074,000 

0.1968 

11.67 

8.26 

24.67 

45,000 

2,775,000 

0.2633 

9.21 

6.22 

28.46 

43,000 

3,529,000 

0.3349 

7.49 

4.85 

32.26 

41,000 

4,323,000 

0.4103 

6.21 

3.88 

36.05 

39,000 

5,135,000 

** 

o 

0.4874 

5.24 

3.16 

39.85 

37,000 

5,953,000 

u* 

u 

w 

0.5650 

4.48 

2.62 

43.64 

35,000 

6,754,000 

l 

0.6409 

3.86 

2.19 

47.44 

33,000 

7,525,000 

0.7141 

3.35 

1.85 

51.23 

31,000 

8,244,000 

0.7823 

2.93 

1.57 

55.03 

29,000 

8,898,000 

0.8444 

2.57 

1.34 

58.82 

27,000 

9,465,000 

0.8982 

2.26 

1.15 

60.72 

26,000 

9,713,000 

0.9215 

2.12 

1.07 

62.62 

25,000 

9,933,000 

0.9426 

1.99 

0.99 

66.41 

23,000 

10,278,000 

0.9754 

1.76 

0.85 

70.21 

21,000 

10,489,000 

0.9954 

1.55 

0.73 

73.00 

19,500 

10,537,000 

1.41 

0.65 

75.00 

18,490 

10,537,000 

1.32 

0.62 

80.00 

16,250 

10,537,000 

D  mm 

1.12 

0.50 
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0  cc 

*r 

14,390 

10,537 

12,840 

10,537 

11,520 

10,537 

10,400 

10,537 

TABLE  III  -  (Contd.) 


r-v* 

G? 

/p/I? 

E 

Square 

Circular 

Section 

Section 

TABLE  IV 

7075-T6  ALUMINUM  ALLOY 


L  It 

(fee 

Er 

E 

£-Er/E 

/p/L* 

Square 

Section 

Kid 

Circular 

Section 

10 

78,023 

790,540 

| 

1 

0.0750 

40.17 

36.41 

15 

76,115 

1,735,220 

1 

1 

0.1650 

23.83 

19.42 

20 

73,444 

2,976,560 

1 

I 

0.2820 

16.26 

12.32 

25 

70,008 

4,433,350 

1 

0.4210 

11.94 

8.49 

30 

65,810 

6,001,120 

I 

1 

0.5700 

9.15 

6.16 

35 

60,850 

7.552,480 

I 

1 

0.7170 

7.18 

4.61 

40 

55,125 

8,936,380 

■ 

1 

0.8480 

5.72 

3.51 

45 

48,635 

9,978,900 

H 

0.9470 

4.56 

2.68 

L  Kfl  > 

50 

41,385 

10,482,800 

V 

8 

0.9950 

3.62 

2.02 

55 

34,380 

10,537,000 

< 

3 

2.86 

1.53 

60 

28,887 

10,537,000 

1.0000 

2.30 

1.18 

65 

24,614 

10,537,000 

1.0000 

1.88 

0.92 

70 

21,224 

10,537,000 

1.0000 

1.56 

0.74 

75 

18,490 

10,537,000 

1.0000 

1.32 

0.60 

80 

16,250 

10,537,000 

1.0000 

1.12 

0.50 

85 

14,390 

10,537,000, 

1.0000 

0.96 

0.41 

90 

12,840 

10,537,000 

1.0000 

0.83 

0.35 

95 

11,520 

10,537,000 

1.0000 

0.73 

0.30 

100 

10,400 

10,537,000 

> 

r 

1.0000 

0.64 

0.25 

FULL1 

TABU 

i  HARDENED  STEE1 

V 

.  ALLOY  (MIL-T-6732) 

m 

ue 

<Tcc 

Er 

E 

r-Er/E 

Square 

Circular 

Section 

Section 

8 

177,210 

1,149,140 

i 

s. 

0.0400 

78.12 

72.56 

12 

174,975 

2,552,940 

0.0880 

46.69 

39.40 

16 

171,845 

4,457,360 

0.1540 

32.22 

25.21 

20 

167,820 

6,801,500 

0.2350 

24.02 

17.72 

24 

162,900 

9,507,070 

0.3280 

18.77 

13.20 

28 

157,090 

12,478,370 

0.4300 

15.13 
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